Abstract: By using polarizable molecular dynamics (MD) simulations of lanthanoid(III) and actinoid(III) ions in water, we obtained ionic diffusion coefficients and hydration enthalpies for both series. These values are in good agreement with experiments. Simulations thus allow us to relate them to microscopic structure. In particular, across the series the diffusion coefficients decrease, reflecting the increase of ion-water interaction. Hydration enthalpies also show that interactions increase from light to heavy ions in agreement with experiment. The apparent contradictory result of the decrease of the diffusion coefficient with decreasing ionic radius is tentatively explained in terms of dielectric friction predominance on Stokes' diffusive regime.
INTRODUCTION
In the last few years, various experimental and theoretical studies have been devoted to understanding the hydration properties of lanthanoids(III), Ln [1] . Experimentally, many recent studies used X-ray absorption spectroscopy (XAS) in both EXAFS (extended X-ray absorption fine structure) and XANES (X-ray absorption near edge structure) domain [2, 3] . In particular, the systematic XAS studies of Persson, D'Angelo, and co-workers on the full Ln(III) series [4, 5] recently provided an almost definitive picture of hydration structure: Ln-water distances decrease almost linearly across the series, and the coordination number (CN) also decreases from 9 in the case of light atoms to 8 in the case of heavier ones in a smooth way. This was a latest confirmation that the so-called "Gadolinium break" does not hold, as previously remarked by Helm and Merbach [1] , and by Spedding and co-workers [6] , who had suggested this picture at the beginning of their series of studies [7] .
From a theoretical point of view, various force fields have been proposed by the community for the study of hydration by means of molecular dynamics (MD) in bulk water at finite temperature [8] [9] [10] [11] [12] .
In particular, recent studies agree that including polarization in the force field is a key ingredient to correctly reproduce structural properties [13] [14] [15] [16] . This increasing number of studies was stimulated by the improved experimental description of hydration mentioned above. Amongst recent Ln(III)-water interaction potentials, our group has developed a force field that is able to reproduce almost perfectly the EXAFS signals of D'Angelo and the aforementioned structural data [17] .
Actinoids(III), An, were less investigated than Ln(III). Structural data were reported experimentally up to Cf(III) [18] [19] [20] [21] [22] by means of XAS. Cm(III) was probably the only trivalent cation studied in explicit solvents by molecular simulations [23, 24] before last year when Galbis et al. reported Monte Carlo simulations of Cf(III) in water [22] and Spezia and co-workers reported hydration properties of the whole An(III) series [22] . In this latter work, a polarizable force field was developed for An(III) in water similar to the one developed for Ln(III). The results obtained were in good agreement with the few structural data available in the literature. We summarize in Fig. 1 the decrease of Ln-water and An-water distances and the corresponding CN change across the series as obtained from previous polarizable simulations [17, 25] .
The interest of understanding ion hydration in chemistry is, of course, not limited to structure. Thermodynamic properties like solvation energy and ionic diffusion coefficients are important quantities to characterize ionic solutions. Diffusion is related to the conductivity of solutions, for example, and solvation energy can be used to design liquid-liquid separation methods. For Ln(III) in water, experimental hydration energies were reported by Marcus [26] , as well as for some An(III). Diffusion coefficients, D, were amongst the first properties reported experimentally. In fact, Spedding and co-workers measured in the 1950s the conductance of aqueous solutions of some rare earth at different concentrations [27] [28] [29] from which limiting values at infinite dilution were extrapolated for the solution conductivities and thus for the diffusion coefficients. Ln(III) diffusion coefficients were obtained later by Fourest et al. by using the open-ended capillary technique [30] , confirming the previous data of All these data agree in reporting a decrease of D across the series. Since D is related to the hydrodynamic radius by an inverse proportionality relationship according to Stokes' law, this means that the ionic radius should increase across the series. On the other hand, structural experiments reported a decrease of ion-water distance as well as of CN across the series that is in apparent contradiction with diffusion coefficient results. This can originate from a misinterpretation of XAS results, or from artifacts in the conductivity measurements. In particular, hydrolysis was excluded by Spedding and coworkers [28, 29] , and the agreement between conductance and the diffusion results of Fourest confirms that conclusion. Anyhow, the connection between these measurements and the microscopic hydration structure is still missing and unclear, so that some authors have defined some ad hoc radii that increase across the series, thus forcing them to follow Stokes' picture [30] .
We have employed MD simulations with our recently developed force field in an attempt to bridge the gap between structural, thermodynamical, and mobility properties of Ln(III) and An(III) ions in water. Our model correctly reproduces the structures suggested by XAS and, as we can anticipate, also the diffusion coefficient behavior across the series. Coupling this data with hydration energiesfor which we also found a good agreement with experiments-we will discuss the diffusion coefficients behavior in terms of hydration structure and ion-water interaction. In particular, the opposite behavior of the diffusion coefficient and ionic radius will then be discussed considering the dielectric friction [31] . The decrease of the diffusion coefficient across the series then follows the increase of interaction energy between the ion and the solvent.
METHODS
MD simulations of ion hydration were performed immersing one ion, Ln 3+ or An 3+ , in a box containing explicit water molecules, where periodic boundary conditions (PBCs) were applied in order to mimic bulk systems. Three cubic box sizes were employed: (i) a small box containing 216 water molecules with an edge of 18.68 Å; (ii) a medium box, containing 500 water molecules with an edge of 24.84 Å; (iii) a large box, containing 1000 water molecules with an edge of 31.05 Å. Ewald summations were employed for long-range interactions [32] . Simulations were done at room temperature, generating velocities at 300 K followed by an equilibration MD run at the target temperature. Then NVE simulations were performed for 3 ns. We have checked that room temperature was maintained throughout the simulations.
Ion-water and water-water interactions were treated using a pair potential in which polarization effects were included in the electrostatic term by means of Thole's induced dipole model [33] . Atomic dipoles were calculated at the beginning by using a self-consistent procedure and then propagated by adding an associated dynamical variable and fictitious mass to the system Hamiltonian as proposed by Sprik a few years ago [34] . Water molecules were modeled via a modified rigid TIP3P model [35] that accounts for polarizability on atomic sites [36] while ion-water non-electrostatic interactions were modeled using a Buckingham pair potential of the form (1) where r is the ion-oxygen distance and A, B, C are Ln-water and An-water parameters obtained in our group's previous work. They reflect the decrease of ionic radii across the series [17, 25] . More details on the simulation methods can be found in our previous works on structural properties [15] . All simulations were performed using the MDVRY code [37] . The diffusion coefficient values were calculated from simulations via the well-known relationship (2) where D PBC is the value obtained for each simulation box. Since, as shown by Hummer and co-workers [38] , they depend on simulation box size when PBCs are employed, we extrapolate the infinite box values that correspond to infinite dilution from the values obtained for each ion at a different box dimension. In the results section below, we only report the extrapolated values. Finally, from simulations we calculated the hydration enthalpies by subtracting the internal energy of pure solvent from the internal energies for the systems composed of ions and water. This, as described in detail by Garcia, McCammon, Hunenberger and co-workers [39] [40] [41] , requires a series of corrections to recover the correct thermodynamic quantities and avoid errors due to the use of PBC. Corrections were evaluated and applied. In the results section, we report results for the large simulation boxes where, as expected, corrections are also smaller.
RESULTS
From simulations of Ln(III) ions in water, we obtained ionic limiting diffusion coefficients (see Table 1 ). In the same table, we show experimental values reported by Spedding [29] and Fourest [30] from conductivity and diffusion measurements, respectively. The values reported by Spedding and coworkers were obtained at different concentrations, from which one can get the diffusion coefficients from the well-known relation [42] (3) where λ is the measured conductance, T is the temperature, R is the gas constant, F is the Faraday constant, and z is the valence of the ion. In Table 1 we report values obtained assuming z = +3, which corresponds to the absence of hydrolysis, as supposed by the original authors. A first validation of this hypothesis comes from the agreement with values reported by Fourest et al. that were obtained from mobility measurements. A further confirmation is brought by comparison with simulations, where by definition no hydrolysis occurs since we use a classical water model in which chemical bonds are not allowed to break. It should be noticed that in all density functional theory (DFT)-based simulations of a Ln(III) ion in water reported in the literature spontaneous hydrolysis was never observed [43] [44] [45] .
As shown in Table 1 , simulated and experimental values agree well. While there is some deviation-of small magnitude-between simulations and experiments, our simulations reproduce the decrease of the diffusion coefficients across the series. The study of Floris and Tani reported Ln(III) in water diffusion coefficients from simulations [9] . They found a relatively large discrepancy with respect to experiments, and, more importantly, not the expected decrease across the series. The latter result is probably due to the fact that they did not find the correct decrease in CN, as we conversely do. Note that our simulations show that it is physically possible that, to a decrease of Ln-water distance, or ionic radii, and CNs across the series, also corresponds a decrease of diffusion coefficients. We will discuss in more detail the physical basis of this observation below. Finally, the good agreement confirms the hypothesis that the experiments were not contaminated by hydrolysis, or at least only to a small extent. As already discussed, we have recently developed a force field for An(III) series in water [25] . While for Ln(III) we were able to directly couple simulations with experiments, so providing effective ionic radii and a set of parameters that provides a perfect agreement with XAS experiments, this was not possible for An(III), due to the lack of experiments on the whole series (and the access for us to the spectra of studied species). In our force field developing work, we have thus reported different sets of parameters corresponding to different ionic radii: r 9 corresponding to a crystal structure coordination number (CSCN) of 9, r 8 for CSCN = 8, and r 8.5 for the intermediate case, as detailed in ref. [25] . In Table 2 , we report diffusion coefficient values obtained from each set of parameters and compare them with available experimental data. Results are in good agreement with available experiments, and we can use this comparison to choose the best set of parameters, especially for atoms where XAS structural data are not available. From U 3+ to Cm 3+ , r 9 seems to be preferable: some discrepancies in D are counterbalanced by a very good agreement with the available XAS experiments [19] . For Bk 3+ and Cf 3+ , r 8.5 is the preferred set following comparison with XAS data [20] [21] [22] , albeit in the case of Cf 3+ , r 8 diffusion coefficients agree better (within the uncertainty of both experiments and simulations). Finally, for the heavier cations, from Es 3+ to Lr 3+ , r 8 is the preferred set. In this case, we can compare only D of Es 3+ , since XAS data are not available for any of them. We thus keep r 8 parameters also up to the end of the series. This is due to the fact that ionic radii are a function of CN and we can estimate that they decrease linearly from Es 3+ to Lr 3+ for the following reason: An-O distances, which reflect ionic radii, obtained by quantum chemistry calculation in the presence of implicit solvent are almost linear [47] . Thus, using r 9 or r 8.5 set after Es 3+ , for which r 8 provided the best agreement, will break this coherent decreasing behavior. This is of course a hypothesis, but up to now we do not have any other experimental data to compare with for the heavier cations.
Finally, we obtained from simulations the hydration enthalpy (ΔH hydr ). We compared these values with the experimental ones reported by Marcus [26] for the whole Ln 3+ series and for two An 3+ ions (U 3+ and Pu 3+ ). In Table 3 we report ΔH hydr obtained by simulations and experiments. We found globally a good agreement with differences not larger than 85 kJ/mol, and a mean unsigned error of 44 kJ/mol (which is less than 2 % of the energy values). Note that this is typical of observed differences when comparing simulated and experimental hydration energies, for which experimental uncertainties are also of the same order of magnitude. Kowall et al. [8] reported hydration enthalpies for Nd 3+ , Sm 3+ , and Yb 3+ , and Villa et al. [48] for Nd 3+ , Gd 3+ , and Yb 3+ , both finding a similar or bigger difference with respect to the same Marcus data. We observe a global decrease of hydration enthalpy that corresponds to a strengthening of water-ion interaction across the series. A little increase at the end of the series (observed experimentally) is also found in our simulations. ΔH hydr correlates well with ion-water distances and CNs, as already remarked by Fujiwara et al. [49] for a few Ln 3+ . The increase of water-cation interaction across the series correlates well also with the observed decrease of diffusion coefficients, as shown in Fig. 2 . Across the series, as the ion-water interaction increases, the ion diffuses more slowly.
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But this behavior is reversed to what can be espected from Stokes' law based ionic radii. When Stokes' law does not fit with the ionic radius, one usually evokes a "hydrodynamic" radius that is greater than the ionic radius. This was done by Fourest et al. [30] in order to explain the decrease of diffusion coefficients in Ln(III) and An(III) series, from which they evaluated ionic radii increase from 4.53 to 4.67 Å and from 4.51 to 4.68 Å, respectively, for each series. These radii are much larger than the first neighbors distances. If we look, however, at the second hydration shell of the two series as obtained by simulations [15, 25] , we still find also a (small) decrease of the ion-water distance, still in contradiction with the decrease of the diffusion coefficients. Alternatively, similarly to Li + , one may suggest that the first-solvation shell motion is more correlated to the ion motion. However, the residence times of water molecules in the first solvation shell are very long for all ions in the lanthanide and actinide series, larger than few hundreds picoseconds and up to nanoseconds, and their variation along the series is non-monotonic, the residence times being shortest in the middle of the series [10] . Thus, it seems impossible to associate the decreasing diffusion constant with the behavior of any structural distance across the series.
A quantitative description of the observed phenomenon can be obtained from the Hubbard-Onsager theory of solvated ion dynamics [31] . Following Hubbard-Onsager theory, one can express the ionic friction coefficient in solution as (4) where ζ = kT/D, η is the pure solvent viscosity, R the solute radius (the ionic radius for ions in solution), τ D the solvent dielectric relaxation time, e the solute charge, and ε 0 and ε ∞ the static and highfrequency dielectric constants of pure solvent, respectively. The first term of the right-hand side of eq. 4 is the well-known viscous friction contribution corresponding to Stokes' law for slip diffusion. According to the first term only, the diffusion coefficient should increase as the ionic radius decreases. The second term is what Hubbard and Onsager (and also Zwanzig [50] and Adelman [51] ) defined as originating from dielectric friction. This term has an opposite behavior than the Stoke's contribution as a function of ionic radius, which is in agreement with what is observed for Ln(III) and An(III) ions in water. We can evaluate the two terms and see that, in the case of trivalent ions, assuming R to be in the range 1.250-0.995 Å (the effective ionic radii of Ln 3+ in water [17] ), the second term is predominant. This can provide a qualitative explanation of the observed trend in the diffusion coefficients. Note that the Hubbard-Onsager picture provides diffusion coefficients that have the same order of magnitude as observed, i.e., in the range 4.79 × 10 -6 to 2.68 × 10 -6 cm 2 s -1 . This semiquantitative justification explains why ions with decreasing ionic radii show also decreasing diffusion coefficients. The correlation of the diffusion coefficient with the hydration energy is then the expression of the stronger coupling of the ion with the polarization field of the solvent along the series.
CONCLUSIONS
In this paper, we have found that our polarizable potential for simulating Ln(III) and An(III) in liquid water, developed in order to accurately reproduce structural properties, is also able to reproduce exper-imental diffusion coefficients and hydration enthalpies. This brings support to the conclusion that the polarizability is a key ingredient to make the ion-water potential transferable. Surely, thermodynamics is related to interaction potential and for highly charged cations, like Ln(III) and An(III), the electrostatic contribution is predominant in determining not only the hydration enthalpy but also the diffusion properties. Indeed, estimating the two terms in the Hubbard-Onsager theory that takes into account also the dielectric friction, it is shown that the former has predominance over the Stokes' term for such small and highly charged ions. Surely, this is still a crude model and a better description, similar to the Adelman model [51] , will be necessary to have a deeper understanding on the physical-chemical properties of hydration and mobility of small ions. Our simulations show that the contradiction between the experimental decrease of diffusion coefficients along the Ln(III) and An(III) series, together with a decrease of ion-water distances (and ionic radii) and CN across the same two series, is only apparent and can be related to dielectric friction, without relying on another hypothesis like hydrolysis of firstshell waters.
